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Elec-trochemical Farameterization of Meta' >.-_mpltx PEdcx Potentials. ;us~ng tne
Rut hen ium(I IlI)/Ru thenium( I I) COLIEj:Le t o generate a= Ligand E Lectrocnemical Ser ie-s.

By A.B.F.Lever
Dept. of Chemistry, York University, North York TrntUnitarir Canada M. .

Abstrac t

A ligand electro7chemical parameter, iLs_ described tc 4enerate
which may be used to predkt4 M~Mn-l> redox Potentials by assumirng !_at all
.Ligand contributions are additive. In this fashion it performs a imla
purpose to the Dq parameter i electronic spectroscopy. The paramete r z
defined as 1/id that :'Z the II)/R(I potential f,--r species 1'7

acer~rtrie. he EL(\L) values for over 2C1_) ligands are presented and tn,-e
Model 4is teSted over a wide range of1 -oomrlThation complexes -and corgan,metallc-
species. The redox potential -,f a M(n)/M,'n-l) couple is defin,-d to be equal
to: - Ecaic _[E (L)] +- C. If7LT Ther values of f arid C, which are tabulated,
depend upon the metal and redcx couple, and u,-pon spin state and
stereochemistry, but, in organic- solvents, are generally insensitive to the
net charge of the species. Consideration is given to synergism, the potentialIS
of isomeric species, and the situations where the ligand additivity model is
expected to fail. In this initial study, the redox couples are restricted
almost exclusively to those involving the loss or addition (of an electron to
the t2g (in Oh) sub-level.
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introduction
In the mid l970s there appeared a series of papers deal~ing with the pcr=*Scn

ofP correlating electrochemical (oxidatin potntals wi th HCMU energies a;.-. o g-:
sub.stitution effects.

Treih& rd, r-workers i,2 emo~nstrated that in a series o-f -mangane;se L I

socande ~voov~ u--e sive replacement of CC b-y M--4TN raisedl the Dxidati~r
h-alf-pm-tentia>.= po-ten-tials b~y O.Vper ligand substitut-ed. S&arap;u and :J
furt-her showed that theso (chang;es in halif-potentials uponi ligand sutstot-1ution. w-re
linearly correla-ted with the HOMO energy ('from whi-ch orbital oxidation -',~
--a.'-a-ed by tle -. n-empirical Fenske-Hall MO analiysis. Parallel s-'dies b

3rJltcher 4 .5 m with general_ coImplexes of the tyrpe [IM(Q 8 rLY Ie 1
crwrcduc-- th:e ecquatlon:

E.~A * nLdEc idnrL + ('Y

where dEo.,dn is the change in potential upon replacement of nl-'C- by ni !igandS,E'':
th *e metl o xidation potential and A and C are constants.

ThiLs relationship does not permit a distinction to be made b~etween isomeric
;ai:,f co0Mp-leXes such as cis and trans-ML4L'2 and this led to the development of

rather more complex relationship7 which, in the case of the carbonyl complexes were
r-e ated to ho--w many of the metal dnT orbitals overlapped carbonyl 'i" orbitals. 6 .'.
"his area has recently been reviewed 8.

CS:'sequently, there have been a relatively small number- of papers9-15 which
have developed these equations and utilised ligand parameters, EFL. where PL
dEa,,dn initially being defined 4 as:-

L E--y2[('r(CO 8] - Ei/2[Cr.CO).5L1 (2)

There has rnot been widespread Use of this approach since FL v alues are ! .- n cl o
rel>ative-Iy few ligands. Its: lack of uase may also be because it was seen to be .-
valuie to crganometallic chemistry, rather than to coordination cheir.,isEtry i n ~~"

However, the common bUasis of this approach is the concept that elecotrochemic31a
polertials are additive with respect to ligand substitution, at least with respec-
sucb_ 'ituted metal carbonyls. In this paper we explore the premise 'hat this Si-
-fact a very general ibservation, commcn to both organometallic and crdinatio'n
hem Istry. Indeed we demonstrate that, for a wide range of different complexes.

.e-eotr,_chemical potentials are additive with respect to ligand variation and we
tiscuss well defined and predictable situations where this is not the case.

Assuming ligand additivity to be widely justifiable, the intent is to define '-
i igand electrochemical parameter which, in the fashion that Dq defines th;e crystal
field electronic spectrum of a metal complex, would permit the Aefinition of the
redox ene~rgies of a metal complex.

An important implication of such a parameter is the conclusion that allliad
w~muld behave in the same relative way to many metal redox couip leq be the liaa: ,A
ard or soft-, and this -observation would require some ret'linking mf Dur rhe' a'
tr:in0 rAAC~s an co~ncepts.

Wint'rodul:e an electrochemic~al standard based upon the charge inb
I-~~r: T , irutheniume I!' ocouple in organic solvent u!sua' ly a-'e& 9nir 1i

fl ti.'n bo~und ligand. A new set of ligand parameters, EL are prc{A s.-1~w
- ~4  ~losc)n acroiss both Lrgalnl-.mLtal l and co:-rdirat ~~'

t~r ver gans beng urre-ntly defin-ed here.
F v .s2y tKrere have been many studies relatingelcsYm 3

r-iro cf thIec nropertirs suc aS ,harge -j, rsf, rtrn
- n ';c ' r -reris r~r--*,, 3a:n~es nd nary1;c A'i : - "-
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v_ brational frequencies, such aS C'0, N2 and M-H stretc-hing '_r cuen:c '"s, el-
the EL parameter has the promise o-f wide applicibility. A prel'iminary reFcrt -f
method has been made 16. Haga and _-o-workers 1-7 nave recentLy teit ad
ligand contributions to ruthenium" 1l / ru ther; 'um(IT, ocer'ials in somerie
tiientat.e amine ruthenium complexes, whi'le,. earl'ier, jfoladc-ck-r~-
FimcLar beh-viour fo-r some ruthenium c~omp!exes in aqueous mecr_-,.

D-cia -ar- r>;',-d to lefotro-chemio~ally reversit- or t
:uas,.rsv-rsible r-dox co:uples involving the metal ion,.Mn''
paptmr refer almost exclosively tc rediox processes cc-urr4ing: w thi, F.- -c1n
weakly T7-bc ndinig 'o-r anti-bonding) t2,9 (in. :ocrah, -dral', siib-ze,,
7his pro cedure shuld be u-sed with caution in situaitions wher; a. r-~~<
, -trao-,rdinary syT-er.gisric: interactions between metal and lig3nilt b: t ohe
tre sign-_i intly solvent, dependent because of a special sov'%ren ..

:rang covalent interac-tion leadls to non-innoc-nt behavior, orn:.n-_cn-i:I
4 gand~s are presenteg NO, d) equilibria. are present such that, the po-tentLa -

:'npiex, in eit~~;her ox.,oatrorr statte Mmn) or H' n-l;, say HLY1 eed1uo n u~
concentration, of L or Y, e.g. where L arid/or Y are solvol)ysed rapidly, or wn -ere, fcr
exampie a support ig electrcolvte l.on, X- might displace L or- i, :cr in general aty
precedin-g or follo-wing ooupled *cnhemical reaction hihsignificanti~y ch-'anges the
iner shell environiment of the metal ion in either oxidation state, e', the additiv.r7y
:ontribution of a bulky ligand depenids upon possible stenoc interactio-ns with otl;er

*~igands and f' for example the hole size in a macrccycle is fiJxed and therefor
wi1l Lb e ar, impm-rtant fa ctor in determining the metal ligarid binding ernergy, e.g. th-e
meta may be in or out of the plane. While exercising caution in thi's respect-,
deviaticr. of the observed from calculated potential may prcvide _iset,_i _rnergy

:nnrntlnconernin-g, for example, synergism or n:on-inn)cecc- er'c-.
cridc~X ?O_;Ip LeS irvoIVing I igand processes are niot included tLct there i

that thee are recc to metal couples 10 so that these may ul-tcmateiy beL~~~c

All' ti teectroc:hemic_-al data discussed here, drawn from thepeiusl ~
!3 aPnrnpr iately referenced in the Appendix, are cedagainst NHE. Wre -

standarr-2 elecrtrodes (SCE, S,-SCE, AgCIL,'Ag etc.,' were 1used the d ata were .<"

accodingto Fard nd Fulknr.2 0 . Many authors added ferro-ene a s a ne
re:erecetc. their e lectrochemical cc 11. To correc t tc- NHE. thefroc.ia;:e: e-

coule s ssuedto lie at 0.66V vs NHE in acet-onitrile. 2i

Results and Discussion

A S'tanidard Electrochemical Data Set
A standard parameter set should--

Ib e Lased upon a single standard redox proc--ess o--f a metal -.enter,
ii,; be available for a very wide rang;e of compounds by var iation :cf iaI

i;be electrochemically reversible or quasi-reversible,
,v, e rplativ-ly solvent" and a:upprrting electrolyte idpnet

v'have p-_,tenti-.als whic:h ar - largely indepeiidert .-f the net -harge on trie >m

v-, e largely independent- of isomerism (cis'trans mner/ - -- c,
'f ri-mpounds {FR b~py?,X~E -2n J' ] (!yuY-

..rry rep! -~ n Tndn e o r polydertate I gardz3 mee Eetmnie7ia g - cit"'a c.- a
ex" ' a n extrao ,r!cn -r i y large numbei e~ krnwn.q 2. 2 3 f~

~ ~'cr.wh: h t~e lgz~.d pr~t *~ -4

~ R. mmF: V;. ~uearn- -. r-n a t t -'J

v*, 'e* . -r nw. ise :cn $Y- -- F .L un:



-cicurs at 1L.53V vs N aea .

--..e this complIex ins ix" IH IP7 L r e FL
2 -bi-*pyr id ine was de!"ntd& t,.7,

In t-he complex LRu(bpyrl B- hyrtal%,th t.
furliHL L E(I~ was derie, e:i;

11 kill~K : + E:-. r-.' L

In- genera_ onre may jae ata fJr op nte p -Za
p~~~ l-c .cidpnent CAt sofE' C e a.vo-"-r E: :Ipv 1.

Val~' t: ua, wher va 1 whre y',- -I. L
1-1 e . t3at set,:-1,'g..-. ~o~'r

Va "-3 ~ ~uPyr -e~ Were t.sHJt-i

ave-rage vail 1-r Ei. -bpyrxiJ-n-, , in -g -atb - f "4 r-,e-
'-in"r. F is :-a- qv r'ige viau, e 7_j _ L -p -

;:r'i'nary Icr -- aar a' ' -ist wi c h all c~her g a ue -
- af~f_ r£e r.l- u ,aase wa-4n ia

!-,ui 1 - ir _) rag ~We 11 :e Iiinjed S-pe(,&5, ne' 1:~

2t b i y -id ir
-ri'y, seer-ai value-- for Ej"rL' T r a given- lig:--id were~~'~

~~ Flu- (:,,_Ip C~ 4 he general m xsFXY'Zas~t ~
fo~r X, Y ar a v.prcges cof these valuies ,whi-,h usually i~c -:t utier b-i mrn

h han 2(V , a rt I i S t-d., f or a large range of I igands, in Tabl .L~rr h~>
lar _er va;ri3.t ions from --,e *corn lex t,- ano-ther, -ire tn~ae y $

areSS= c.cis'- r,. rnre 1et a, 1 Lelo :w.
u!sL- fN: r nl' xYy', the --ai-ulate,:d pote n- iai ; r

..e E:- L: -,a *a: p reren-- d i Tab> 1. -4 S J en by-

X E-.XI + Y L LY ~ E L 9

-~ ~ 4t F ~b~ito

The een F, wh ich I-gamo adds tiity is valij in- rthenium --cr -
1,gi wher-e the ob-served_, versus- Calculated c-n-i-'S ',-r i

rit .-niium complexes (which were nk-t incluLded in the basis s et Hcit~
isp I.ayed . Supporti-ng electrolyt,, e ffe-ts ar- .9eneral ly small 142

?uil)~u(I)couples are also gen-railly vF-ry -mai here diffr
lvenits are concerned, though with some except io-ns. 2 6-2 19 e~l~

" libe., d-ata recorded in acetonitrile a very :,,mmf:n electr clhemi --a
uitilised. *The actual oalculati-d :7nd observed values foir thlese andA aI
.j I.;pl1,3yed data are collected in, the Appendix. 1lde3lly th best 'In

Ia~-~~~ have a S1 upe of unrity anrd pass r.hri-:u-gh -h rigir. 1:- 's

E-_ F ;EL 4 j-± V)p j

*.'r h~ ruthe''um series, w'L h few except ions; here "S1 Vt

h-' 'nip rx U e 'rm9- 7ieaue 'Ln n ~ni
"A. r:- i - t ~ hd esVa .>s'igtH u y. - a
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so lvents, the elIectr-chem --e I - 'a '-. *

-A he fact that where orga v47v-'.n >

Ito appreciable 4.P dr pt - rh, 3 -

<t:<r. gtjtials. Yuoreove" At, - art- pf't3g. '~- I

y
4 ~r inc'nIi rg 'W , B*' fcrr, enaum/

'-hi lat r zg. r,.
mw

-- p- - p-wrmes 31is i-v&1 ipe paty

-9il4i y~e 3r7 ejotr-'r arai onf EL wee thek w-:'i rtr1we.

whe h - are m t-L r -ate- rzthen iun O-rir-i--xes f r:nm wh '-h ~er'ive E-, 'ucti

- F ~in Water.

7>-AF T 'cVPlf man-y r,-;th-.n umn mrpi~e x~ -a

re - r-n a~ fl~r~wi-h 'he vases,
n ,: ev 4r-' 'e ther- i 3 r -b - f I:--'/

se i-- b - v -cdl r-cl; in d - 1r,- t~ i- - p

A S7'n'ea r 1~ie 1rr Tih' 3 >

The -crrelation line characaetlistioS tf:rt1his ar"'sboq
'Cth regression and staird-ird H'-hr Ja'a qr- l- .-

va-s of slopes and inJ- ps
p 95are also) plotted 'n Fig.'ai an'-:ppeajrpe 4--

r-e same 'line. A small groDup- >m-Tplexes' cf Fet :h'inge

II viJle i nf1ra. In g £neai : -t'- 12a9 - -.

id r c.:>coaiii, -n -" -rr, e ' -x -1 ad' 5, '- v i 13 1' 1:

1- .11 S TE:, v rnr ' t- -a - ' i i

with~~~~ the:+ 3 tc~mrt

- . . ~m 3 t~ U>L322.&- v

a a; 7 F 137' 32 'u-1
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species MXxYyZz, against thosce c tc .ig--i; . :tr rtwr>
here as an E:- plot. Least square.r _1_ 'y7S.a' t. the c. z~rv'r.

yj-I,1s the equation:-

E t +

- ~'Wr+ C

K: leriveF- and -htwr ch spe.:if'c c-ouple M'r M(:1-I) in the sre-:ie-M&:.Z
For ny g.iver MTn 1,,M( n- 1 )-pe ALL1 _omrplexes :-f giver r'~ t-

s p in st- tp , Shoi i f al on I tD he saine ocrlatr 1 i . 'ave teSZ&5
:n~oep C' Using heFe( Il I/e I ouple, by way cf example7. -rie expe--

a~ spec. icr where the Ee(11l) 2complex is six c.oord4inate and low sp in , anco to-e e
c:omplex is six, co ordinat-e and lo)w spin, will fall oDn the same correlat-, on ::e
hr wvtr species where, for example, both the iron oxidation states form hign s~nSix
srdnat',e comTplexes will generally have a different value for f and C.than r n
afrsaid line. S1imilarly if the Fe' ITT spcie ,S is low spin, b;ot the Fe(1l) speci-s

is high sj in. yet another ccrrelation, line may be generated.
Thus for each oxidation state couple M(n)/M(n-l), a series ;,t' co-.rrelations ma-y

,:Kxist if there is vari-abclit1y in stereochemistry and/or spin state. This follows
rt-ca use *the- observed red-.ox potential is a measure of the relative b--inding c-onstants
fc. the ligands with M~)and with M(n-l), and such binding constants will gen erally
dep-pnd uipon both stereochemistry and spin state.

:-DFsioer first, a series of osmium complexes ()S(TlI)/)S1II') cople) Wh
r~surprising that an, EL plot shows ari excellent correlation (Fig 3:ioe
rnpre-vi-ous'y demonstrated that1 the corresponding potentials For 3ralogou.s

ru1-n-'IT an-d osmium(Il) spec-ies are linearly re'lated.24 There is also, a ZD'

or 3 lt i- for aqjueous phase oSMi,,_M( IlTl /,-SMium(Tii data (Fig.?,,. Table 1
ew ligands derived from osmium data and the appropriate correlatio:n line (Tabl

sufre suh data were i ot avai lab le f rom rut henium spec ies. They are ;aznnota- e
The En: p lot for the Cr( 111)/7r( LI ', data set ( low sp in Cr (11 ') sho-,T in Fg L,4

-stra3teS a. Comparison of the c~bserved C7r(ITI),/C r (I I cope fo a vrce)
:r-mdiim c_-omplezxes, in organic solvents, with a notation indicating their- net hAarzf

1he lwe-r oxidatiJon state species here and henceforth). The reasonable Ie~
f his plot shows that these chromium data are fairly well behaved %vis-a--visl .

id-tivity. Note that the (+2)., U) and k-L) species all lie on the same xei
othe relative unimportance of net charge iS demonstrated. F.-g.-; also. sh-)w,

_.-responding organic solvent l ata for high. spin Chromiinm(I i~ species. ~oa
*-))with the slope and intercept dif~fering from those of the low spjin pc ,t
In water solvent (FigS5), an excellent line is observed for al- the lo w .

-c -iu I)net charge (2+) spec-ies; thle [KrCN(] 4  species also lies r Ths
th gh this is rather unexpected and may tk_ ' s-tuitour, 'see further 7cnmerftc

Ocmc.~ iotaire obs erved with izron. Pig - shows how the F~11/e
-. ~ s Mr-ocu .- 'd n an .-rg nr rc ,ovent, f a -tries of six Crrdria l r

e~. xes 1I w spin F( 1 Tj a nd Fe( rii lAep,=nd upun their EL SUMhe-i .3
o-~r ~ i irUepf nd; rw -har- Thus f_ a theL)FII

* rtFdin- Fig . h , j t squares equat ion is:

L 1 ratti h e

Tn iS -113 1 ' *n h - b e f~~~ra r ALL . r, :_omplexes mmr'-
o' ''i -t mh 1 rnl'i J 'rn rIP IeXeS arIe !L-w
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generally excluding situations as defined in t>i& lntrcxiutc'iun. i urcn
spin coirplexes (Fte(III)/Fe(UP couple, both high S-pin) i1) S roivents,
pn' entials which fall on a different. line (Fig.e,. 7 '3 -3 0 Thus theSe twr ia

hoci d provide the means Off prediroting the Fe(IIl)/Fe('_I oenil for
'c diveiron oplxs, in corgani: sol1venits.

T-1 L c W- "t Fig. '-'oMe loCw spin ,e( Ii), ,Fe( IIIh -harge-d Species il.ve p., -r,
r. 3 4h i.-. -,p -3,ntly defined by -i gr'oup --f re Lr
ti- an fmf [Fe 'N i,, ~-yJ srec ies iVide 2[r Coi

hcrfal, --meWh-a* tf ti 1 ye buas in the- rhromi;_m pltFi 9 )ch
' N '4 * ' p'r all on the Main 'Line.

4 -i -:~~1 t ~ 9 serites _tf v-uon re ationsh-ps. f:r:, ic g-nr
-n. e P,-.X L.I-s- 'I I,- ei ~ *h5 nvrolving the t2g Set iOr 9h an--

- hap ~' ae, ter'icnmisry-r.0 cro-rdinat ion nnwriber anid w, tJ-'

re shown da.ta sets for a variety of cother couples
coae oorintio cm~lexes cf iro-n, -enmom Um 'n

n- eciur rot.um nd tantalum. to crganometallic derivativ:- nrc;
cinirroge-,, phcsphines, etc. Some five coordinate species are also

r] Tn.eie ino doubt that these plots are generally linear arnd that ligan-d
ic y I s qmp. 'y demonstrated over a very wide range of complexes.

4 i~~'-the rtheniuim data set, cis/trans, mer/fac isomers etc usu-ally a-
os-t  y the- same potenitial and indeed, for many such pairs of Coord inat i

~~ f'-.1-Aher redo- x couples, there is litle dif~ference in ceta1
~h-jf- a~ rtanlya few exceptions.

ne -iy rue fo-r arganoyretalli(e species_ where rucr d":'f r rces
V Wy- c lw her- the method of Treichel and Burz'-er 2 * whK develo)p--

U;M enry 1 arb-nyl comr.plex in terms orf th- 7-:-er -if'
-7 .r. s w , rh i n te racr t w t h the H 0M 0. T hu s for a d 6 M( 6 , e ~c-s a.
g F-generatp HOMO '; nteract with 4 070 Tr* -- L- a i Fr 7

crar- _'iiS, the t29 SPlits t o p lace xy (HOMO ) ibov~ X ,y7 suigz
__Wd S b y I Tr*- and xz.yZ is Stabilised by I'i n-eraoi

K- of02 XZ,YZ I~ interactln lies above xy 1 _ in+ e:rac:
~u ~ignre the possile stab"Isat ion, of the d c i als by

non -ri -rvy I gcrds. Since such stahilisation of the HOMO is proportional t!L
-,fm CU ( groups bondo-d thereto) and the rele-van.t poterntial~ prtoa

!C9WD e r.-rgy 3.8 i-e may introduce a variabIle x such that for the '_arburvl s~t-
1u~i~n, eqn.(83) is replaced b y:-

E-b ::: FEEL1 4- C +- inx (

w!. r -rrT t,_ -ind respectively for the hexarartonyl , trqnas an(i i y
:uTii-r rrr - un for ot)her isorreri, species (shown in Table 3).

1 l ImPxe s r tqon t Iy ha ve h iighetr pot en t iaIs no- sed r,
"r-. -In . This siugests that iLsonitrile 1iganL alsu strnngl\

ti .. TheFy ma~y also be ini'1_1dd .i e-qr m adtd irg
nr-e y' mr-, od~it'ced by the number ct istrriitiil- Iga 9-,ds n wni

7 ~ r~~-,~'An 11:
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Values for m and mn, for mixed cb'n- onir1 p isarc-
First, Fig." (upper) shows da7t3 fKr t-he Mn(KI<Mn I) mul n -a

carbonyI derivatives followig eqn.( - nd hern _ uncorrected fc h
,Dr tor erhanced isrnitri.ie bendinga Two 1linear arere -vid r._nareevv ~ e
LsIitrile h-ing badly scattered bu- --i 2rbcnyl r,Fig i-ea Er-r:3b1Y a-
try, -igqn. Ii wa s derived from [MnfCNR,'rj: -~~.h ~

Y-LLLS. Aoentia I - oalc. potentj 1-sig q. 11(n',

~m;Iar ,y, usiJng h vallue of y(Me), an, :-,Jal ,!alue of x rq. v, ws e

tit ng t he othsrved vo ti a I fo~r [Mr,. s(~ CO -r. .,m -l z.Tee~'v
then usei! n qnr(i to- e-calculate all the mariganese- data accordiig 'a
T'he 'It w ,- impro-ved by allowing y ron vary ti a best fit least tquarp-:- -,vei i.

marar _ >rplexes with given CNR resi lIt ing4 in a final valie of yt'R) slighl
Iiffr-env r thnit calculated via e qn.(11,2'. Energy variable x was all._o va3ried c
beS' lf't w)er all the carbonyl complexes. The resulit is also shown in Fig.7 (lower:
wher Kh- --rprtoveme-i' is Aramatic. Impoirtantly, the final lirne upon which all the

co.'Px-s lie is essentially that of the carbonyl complexes in the uncorrected
versi(-n snonwn in Fig.7, withir, experimental error. Such, co>rre;ct ions (~n(l)add
some rcmpexity to the analysis. They can be ignored with the higher oxidation stat.e
species. '9gnoring then, with carbonyl, non-isonitrile data leads to some scatter but
re~dtiveiy a-ci-urate data can be obtained nevertheless. It would be prudent to include
these correctiuns where ison~itriles are concerned (vide infra). Values of x and y are
showc;-n in Table :J. Co-rrections have not been made for other ligands.

Iis !iitewcerthy that thore is a reasonable linear correlation for thesr=
oarhojny! ler iVatives and for the chromium and molybdenum speoces shown in- Fi.71
s cat +er -s -mewhat larger than observed -in the non-carbonyl ch romium. iro n and
oJSrr'dluu sets -in part because o-f the lack of correction for Specif io

K oc. ~ri~r~lligand interacticns with the nT-d elctlrcns but probably moustly a
r~'i21 e Synergi stic in-ieractions wh-ch take place within These speroie~z.

-F:. values for a! IIigands in -a c-omp lex are kno~wn, is --a lcu lated 1 _

may ,_ de rived rm the regression line where availab-le (eqns, (4,,K_ I,. H,-wever.te
m;-thnW ma~ a iso be used fo-r generic s-er-es of cmplexes when the EL valuie 'I-) -
sperir ir; Ligand is not available. Consider, L'or example, a set o-f ucomplexes ML4 XY,
~r 1hi r-h WT(1,) is unavailable but EL(X i and EL(Y) a9re known. Wte requiJre:-

EhDU, : fL4 EL(L) + EtXX) + EL(']~ +

An. experimental slope and intercept mamy b-e derived from:-

L-m ELX + WErKY)] + C

I.'. ma y z-- re-wr:itten: -

~ X + ftyi+ 4fE-,.(L , C

'icr+ IfEI L

K-; ~ra i.,l :Is tha-t '1'r aL Wnr1srje K c~l-xi ih i.0K.
r -: M - 'i~ e ti r jr F j r w t h i - ,7 S

-3 [1.4 WT 1 ~ sl-t
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ndeterminate. For a specific grou toopeesc ±vr trcue
correlation line may already have been j-rivse-d. If thte genieric- set -of Po-MC lex-,
be ong to the same structural type and-' if th, slop e Is t e same as th at pe
d'duced, then one might conclulde that these ->Jmpiexes mLu t lie on tn--e same ir
'ence C'is known and EL(LI P.-ay be: Jerilved.

Lorsidr, for xample, the series of cCrnP PeS (9GB2XY et-E
1 o wrbrldi-.Tlethyigiyo~ximatc:iron r 932. where at re, v aIue tor EL ?

is navai iabie. A plo~t of eqn .( 14 ) yi-eld,,s a straigh l'ne C,, slope L- Th-e
omplexes :prcobably ) belang to the sane stereoceMi ry Ai spin ta-gr;

F 311-'~ and inice-d d isp lay essentially the same 1p Thyrercw
in FigFi sirig a value of C' which g vCS %e F_ bt, fit Cr F'-- v

t wemay deieELK DMG-BF2) J.22V.
WhiLe, it- is bvic.-ias that the HL",) value for an 1'~~T ganr'

byfjin tc ~~rtocemma ai to a -orrelatin -.:C oe may, in- gent---i r-.
know whnich oreato line to );se, leading to, ambiguity in *hr- EL(L) value. The key

prprii~nhere s T-hat one may study a group of relatled co-mplexes all containig
the same- unknown coeligand, and u-se the resulting clope to infer th e locrrert

rre-la! .n line a:-d Zience spin stat-e and stereeo-chemistry.

sianifican-ce of 'Slcpe and Intercept
Slope:-- Thle pot-Iential of a given redox couple reflects the relative binding

strength of the two oxidation states to the ligand concerned, the more positive the
pocar-ntil, the more strongly binding being the lower oxidation state. This is clearly
seen in the free energy correlation shown in the following si*mplified scheme:-

K: M(M) 4-1 ------- iIII)L + X

K2 M ( IIX +L e" = M( 11 )L1

where: -

E-D!L) - E-(X) =(RT/nF)ln(K2/'Kl)

A slope of unity for correlation of a specific Mn/n-)couple with L7-EL'
indicLates that the binding of M~n) to a set of ligands, relative to M~n-l, . the
same as for the Ru(III)/Fu(lI) couple. A slope exceeding unity shows a greater
sensitivity of the metal core towards the ligand, i.e. a greater degree cf
polarisation by the ligand or, in other words, stadilisatiion of the lower oxibit:-7
state is increasingly favoured with increasing EL, relative to Ru .lI.

It is surprising how many slopes are close to unity though this may possi )'y 'L
fortuitous given the relatively small number of data sets which hav;e been pro e--e
to dat'-e. and the fact that all but one invclve the t2g (in Qy,) orbitals. " t'
surprising tha, Wth it-acids and Ta-donors tend to fall! -)n 'he same line, fot r

wtr type, even though one exp~ects the~m to bind in differing rteiative l-egi--
the liwE r m-in high5 er -.xidat lon states.

Thrre f-w daita sets yet available for different oxidation states --
irieic ~I-on. N -verht less one ca-n expect t.hat the slope will vary with he

~nv.IW 3,l:In-cause cif thle --hanging degree (:,' T and~ 7-bonding w i

F r -qin1. -i2i d5 ,/d6 co cwhtre the l1ow-r :xidati-Dn st atesp
.:~~ <rA'stihrough bCack donat 1ion should yield i ifferent -l~p ,pe

_ rtprAig :4 ,"dJ- Whr the e.,tento -back donation in the lb w.i
gr y'ed - re la f ive to t ha t in the d6 iion. In the cas;e o:f wn1 -'i--
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Tt-bonding is not likely signif Icant.- both the~ Nb( V),Nb(!V) ai!d- Ntb(IV;,/Nb(lI
have the same slope. However many more data are Clearly -ecesH-Fsary bef,-re thI-S
lisefully be discussed.

Intercept: - The value of the intercept C is determined by a nLumtr~f
ccitriutoi-s.Thu-; .he potential might be writlten:-

Ecb -a + nb + c fVL- (17

where a (a,:lwa3ys po--sitive) is defined a-- the M(n)/IM(n--l) loni:sation en-rgy in ......

phase The'F variable b always r~egative, may theN be dlefired in~sl:~~~r~
to the -pherical elec-trostatic: term in ligand field theory raising a-Il the eeg
lerv,-IS by s1~aro iegree determined by n, the number of ligands anT-d ar- S--ng
eieretrost-itl r-pulsion betw,-er. ligand lone pair and metal d elect-rons. Variable c

epither sigr- "-er; depends ,jpl-nr the reference electrode and upon the diff'ererr Ir.z
solvac.;r, er- ergies of Mui) and Mtln-l); thus C ::a~nb+c.

Th",e Sumi a--rb~c is define-d as zero for a basis set of ruthen.ium complexes in
acetoDni',tl v-?rsus NHE. Since essenti-aily all six coordinate Ru(III)/(II) couples,
in acetoTnitrl'e, fall on the same line and given that charge appears :not to be an
important factor (c is constant; we might conclude that b is a constant for that set
of complexes and therefore, for a given oxidation state, does not significantly
depend :-po-n the nature of the ligand. The discrimination of the ligand is then all
contained within '.7ELI aind provides the linearity which would not otherwise be
observe-d, i.e. if b did vary significantly with ligand, a linear plot would not Le
r.bserve~l &u-nlpss the variation itself is a linear function of some property of ! -re
Iigand. The 'value~ of b will vary with differen~t metals and vary with different-I
)x idat ion tesof the same metal.- The variation in a, with oxidation couple, a-u

a mj-~ ~r iutln'o the magnitude of the intercept, especially to the l-arger
n-egatLive valuHs derived fcor low o-xi dation state couples.

Furthe.r etson- Charge Effects and Solvation
-- g e-ffec--ts will reveal themselves in comparisons of aqueous with Drgan~l-

soWv--nt data. While the Ru(III)."Ru(II) couple for net Charge (-+) species iFwa.1
a- rcuahlyl t he sarue slo,-pe ( 1. 14) as that (def ined as uni4-ty) i rar ovrt
t fa t he Ts hP/C-S( II N couple in water is 1. 61 f or the net Charge s22 pece.

Unforturnat-y there are insufficient data to define the slopes for:r other niet :ag
species. Ho wever the marked variation in the osmium. slope fonr organic to: aqueou s
solvent does reveal that the redox dependence on solvent is nct confined to th:e
Intercept.' the slope is also influenced by the solvent. I t is true that both the
rlithenium and osmium, water data sets p-resented here are dominated.- by polyamraine
species (see Appendix) which may interlact with water in a different fashion fron:1
sptecies suQh as FW(terpyl,3] 2 -. Nevertheless the ammine and non-amminecopee
appea3r tr lie on essentially the same line;- if the aiine c-omplexes of rutheniu.m :r
ismium are considered alone the slopj-e increases only slightly (1 .2'8 f,-rruhr~

I T fr smriu).This may not be significant given the scatter in the water data.
7!','O, h- 1mDpe in wate r is hIigher, is an intriguing new observatior Ii~kel-'
F v t acltors including a mrdification (-f the M-L bo-nd by outer sphere

scil W, r -rt actiD.; and by entropy changes du to M 1diicIs

r n -ey the charged species 27.289
- ~ igmfftat tat, in Fig. :,, the IF_(iTI Lr 2 - type p 'w

I h. e ?'i, 7 F, .1,V-sece. th the- -;clVat c.nta4

o '~r-r ein sel-vatio-r Creee~ f.,r J# Mn An-d M(n-l, r.-'
d a~ne c i-n *r hton to-- c and lie -) the same jline; thi~s
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t,h case here since (3+)2 - 2  '_

Other Coordination Numbers:-
One can anticipate that a set f six -ordinate J Xhjh tcr ex_-jp -

a ligand ipon reduction to form 1iive 2_JUL,... .: . .... w .enema.: "
orralonl ine frm those where l .gagnd lc,-- .-, .. ,t ccur Fliow:.g n.

Ru(Ill',/Ru(l'L: p.coter.:L l for a ,q *ccrdinate , [, s'e:ies, wt acetor trclc. migh-t he

written: -

Eob (RuLq) - a + (4b + C + qEL

r we suppose that the numerical magnitudes cf a,b,c are appr,:,x.mateiy the .. . -
for the six coordinate species ia .4i7' be idle- , a a d refall tha '

coordinate ruthenium s-ocies RII . -17 . +TT a + c ,then it fcl low: :a-

gEc uLq) :jEL )-

Thus the EL values derivei from six coordinate species annot be directly used, with
eqn.8) for other coordination numbers since they have effectively been modified ,y
a contribution from the spherical term. However since b is assumed roughly constant
for all ligands for a given redox process, we can expect other coordination numbers
still to yield straight Line oorrelations with ZEL following equn. (8). The intercept
wll contain the term -(6-q)b (which is positive) and the potential will be more
positive than for the corresponding MLe species. In principle this provides a useful
method to evaluate b; tLraight line correlations are indeed observed with the
MIl)/M(Ii' couple in Fe(TPP)X, Fe(OEF)X and Kn(THF)X (Table 2) FiglO).

The Electrochemical Series of Ligands.
The existence of this additivity provides a ligand sequence which is directly

analogous to the spectrochemical series of Dq in that all ligands behave relative>1
the same way towards all metal ions. This sequence may be abbreviated intc r:'nges
which however certainly overlap and should be regarded only as a guide to estim3te
he EL Va1LeS of ligands which do not appear in Table 1.

EL -. 6:3 .... 0 (Vi
OH-, most. X'- ions, including S anions, strong rT-bases.

EL 0------.. 0.1 (V)
.aturated amines falling into a fairly narrow range, weakly n-acid unsaturated
amiries.

EL 0.1 ----- > 0.40 (V)
Unsaturated amines of stronger 7-acid ch-aracter, pyridines, bipyridines etc.

EL C.2 0.40 (V)
Hard thioethers, nitriles, softer phosphiries.

ETL 0.35 0.50 (V)
Isoitriles, harder phosphines, arsine, stitines, softer pho-phitec.

E:. O. ...----- . t V, I
carder phr.sph5tes.
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EI, 0.65 --- 0.75 (V)
Diiiirogen, nitrites.

HL 0.70 ------- 0.95 (V)
Fos itively charged ligands, ir-ac'id olefi-s.

CCJJ,2fl~ piositiv, member),

T hP reia" Ve- EL vaii:es reflect availabilty of char.-:e f-Jr drnation ~o emetil
;and hay- i ole conectiocn wi th- the1 spectrosiopi P-_, va lues where, fr -x:c.:np~e

cyri3 i 1arbon mon:,xide- -i- !cose tocgether i, Eq vaiue. Indeed e Io
the ~ I'' 'un I? tg~/tg~ O;UPe, i isnot urpisin totIthe fal i

'~lar-*rely Aetermir.Pr! iy tIheir -t-brinding or 1-anti-bond --rg 'bphavlronr.

Less --kehaved Systeais - 'NR, NO, Water, DMFU, Hydride anqid Marocycli Copexes.

b_ r'nsiderable extent. to which ligand additivi7ty provides a viable meanist
m~a~ 'poxntentiJals wnul seem to. ''throw away"' a lot o-f -cheiStry and reduce

redov)x tehavlco-ir txo the summationr of a series of non-interacting M-L fragments.
IndAPfed a - wide range of I igands and metal redox rouples this appears to be rou_ ghly
true dl ' pite variation of TT-acid or t-basic character in both metal and ligand. This
is a n unexpe-cted result which does not appear to have been previously recognised..
Solvat ionIr :'henomena also appear only to play a small role in determirning redox
orierg; e Provided that specific solvent-solute interactions are absent. Those
complexes which do. not fit their apparent correlation line should be considered'i
suirte depth. if one can exclude trivial explanations such as important cu~~
prroced ing _ or- folloDwing chemical reactions, then the failure may arise fo_-r cogent-

yhemc ibonding reasons.
(7'o-rbo~ny1 spe-cies generally fit rather well even where the specific isomer
ocrrec ios ae inored. lnc lus ions of these isomer correct ions show stabi Iisaticns
-f he order of 0.1 - 0.1.5 e" per CO-d orbital interaction. However Ji. is L ikelIy

that teEin(C01% voDIue itself actually contains within it some stabilisationr e 7-t
a-trot sholId , in fact , be a little smaller if uised with a metal ion in whichn thet-reF

b-7actk-bonding if such is possible. Thsthe value may be a little inflaited
-xpVaining, why it_ falls off the ?PLC correlation (Fig.?_).

sit-iriles are a very special case which deserve more comment. Co-nsidering
Nlean EL'NMe') value of 0.5-'V is derived from [R11!bPY)2(_NYPe2] 32 HoweverI
i ,.}jnitriie EL values derived from correlation with the Fickett/Pletcher ligand
parameters yield values around 0.4 (Appendix). A similar but smaller, riistilnc...2.
see with the carbonyl ligand. The best fit foir the manganrese isonitrile data ShOtwro
in Fig.7, was obtained by assuming a value of ca. 0.37V for each CNlle plus a
co rrect ion of 0. 19V for each CNMe buund to the HOMO orbi4tal ( isomer correct ion> The
ligand CN11h required a larger correction, 0.31-V (Table 3). Other metal isonitrile-
species were fitted in a similar manner. it is particularly relevant that t he
trivalent and non-backdonating d3 FCr(CNR)s13 - species couiod be fitted with the 1i w-c

ELK'NR)valus va C3~) ithut acorecton fu-r the number of iT-bondling ison~t'~
groujps, whi le !he -lw spin 1-1 [Fe(CNMe) 12 - 3 -n relte (pe2e did
require u correc~tion (ca U. 10 (V)/ti-bonding CNHt (Tabie "1) , as did

Pi:CNM, ,p,12- whicli sh ows no Fu(IlIV'PRu(lI') redox pro~cess bf iow '3.:-V ,v
NHE _: (. itd therefore requires a large Correction). The validit-y of this

9 ,-r;-in inferred from the ex-ellent rF-gr'-FFs4cn fits obtained fircm a

~~ ~riionr 1il ELACNP) ma. y be related t th fact t-atth sinie
aii !fH9 , r Ljent.3-6 T IIIhe i neir i s oni t _r le parallel s carb)onyI in

T'I t~tll o+r.itni > will ourin situatio:ns where there is exten-rsive Lacg, A n.-
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The latter case may be exemplified by mixing of both M(O)(CNR) and M(I;. CNR(l- . .
might be inferred from the PES data for [Ru(bpy)2(CNP)2J2 - species i the Ru(hIY.
region.37  Note that valence bond ..-cntributions of the CNR(l-, cannnicai fcrm will
shift positively all metal d orbitals, not just the HOMO. Indeed Pombeiro, Picker.t
aind Hichards- 4 had previously noted the variatirn in the FPLC parameter for
is,-;nitriieo in variou.s eompiexes and suggesteJ that bent isonit'riles should hive
valu. (eqn..' approximately C. volts larger than a linear is-rnitrile. X-ray
structural data show significant vaiations in bond :Lngles for coordn-te i " t '
groups; thus the actual correction may vary from one set of complexes to an-ther.

It does not seem necessary to use this rather more complex ftting pr oced;.r- .,

any othner ligannd yet studied.
A value for the macrocyole TP car be derived from ruthenilm data (1be

This orresponds to -six coordinate neta]-in-the-plane species. Hsin this number
t.he si: :,--,.,rrdinate L2Fe< i,(TFP) species !ie close to their correlation ine ftr
(LT, F( If!(LS)Fe( . ('Fig.6) (they apparently have the same slope) and a slight
adustment for EL(Td, due tc, the relative sizes of Ru(II) and Fe(II) and the fix
mcrocycle hole size, would place them on the line. However the corresponding
L2Cr(I)<TFP) species (spin state of L2Cr(lI)TPP is unknown) lie off both the low
spin and high spin octahedral Cr(lI) correlation lines (Fig.4) perhaps for reasons of
hole size, or possibly because the correct correlation line has not been identified.
The slope for the L2Cr(TPP) data is relatively low (Table 2) indicating that the
,r(IIl)-, bond loes not significantly favour Cr(III) over Cr(II) in the TPP
enviri- nment.

The ndtrosyl ligand offers especial interest since the contribution depends
upon the amount of charge transferred thereto and hence upon the metal core; it will
he discussed elsewhere.38 Water, as a ligand, yields a somewhat variable EL vaiue
near 0 in the range -0.01, --- +0.1. The contribution of water likely depends upon hr;
Try an organic solvent is and whether there are any hydrogen bonding species arour.d.
In water the EL(H20) value will depend critically upon pH. In coordinating orgaoic
solvents the water molecule may be partially or wholly solvolysed, adding a
comp ic-ating fctor. DMSO is poorly behaved yielding a variety of EL values spar, nng I
ca 3 - 1.5b. This may be a consequence of variable S or 0 coordinate binding. The
hydride ion usu-lly gives rise to irreversible redox processes but its EL value may
Le estimated to lie near -0.5; the PPLC value of -9.3V is likely somewhat
Io.

S.ummary: The availability of EL parameters allows one to:-
a) predict the redox potential of a given metal couple when its structural and spin
state information are available. For example, in a complex voltamogram this .-.l -i:
in redox couple assignment;
b) predict the structure and spin state for a metal complex based upon fitting its
observed redox potential to a previous correlation;
-) allow one to calculate the thermodynamic value for a redox couple when kinetic
effects or coupled chemical reactions, etc, prevent it from being experimentally
de-rived;
i, design a metal complex to have a specific redox potential. With further
development, crorrelations with other properries such as infrared stretching
freuetncies, photoelectron binding energies, certain rate contants,6 3 9. 4 0- 4 2  '

trransfeir tra..sition energies 1 . 24 . 4 3 . 4 4 etc can be included. Thus molecules havi- I
rarige _Kf characteristics can be designed using a procedure based upon EL vaiues:

prv4,e icnding (synergism, non--innocence etc) or structural information wher-epreic" valu - disagrees "'go"
rv ivi ficantly with the experimental value:

' pr_.vi, i e ans of Iesiglirg metal complexes wirh specific excited stae rfrdx
,t a:;, thr-jugh aia lysis involv rig ground state- electrochemical predi, tw
s nd cxc l.ted state ,transtticn energies;
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g) provide a means of evaluating soivation energies, especially aquationr energ_,:
h) through detailed understanding of the slopes and intercepts, provide add - tin'
insight in to the nature of the .... iga-d

To learn exactly how general is this approach req-i'res considerable further iata
evaluntion especially with data sets involving :T- redox orbitals. Readers with
exteinsive electrochemicai data sets are invited 'to .,dvise the author for incl25±cFio n
future EL studies.
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Table 1 EL Parameter Values, vs NHE

1, l0-Phenan-throliie( 1, lO) 16> " f3
1.10-Phenrnthroline, '-,,-Limethy K2-,,.-diMe-,phen) .0 2
1lij-Phenantroi i.e. 4, 7-dimethy 1 4, 7-d ils-pheri J.2: 23
ll0-?h-enanrthroiine-5,6-dion-,-e phendione) 0 '28 45'
1,1,1.5,5,,5-rhexafluioro-2,4-pentanedionato 'hf-ac 0 170l [4F,]

-1. -Lis(Dipheyiarsino~methrie (PDA) 0.3.5 [
1,l-isD~phnyphspin mthne(dppm" u. 43 £47]1

1, 2 -h is, 'L;Dimethylphosphino ethane C0. 2 S P L; _7 2I
1'-l:LmethylphcsFghino )ben zene tDiphos) D. 3l F4861

l, -b1isC'Dimethylars'io lbenzene 0. 30 [483
1 ~i s 11ip heny 1a r sin o ,ben zen~ e d arsN 0.34 [3

1 '.-bis(Diphenylphosphino)benz-ene (ophenPPh2) 0.45 (,0s),[44]
:-b~is('Diphe-nylarsino)ethane (I'Fh2AsCCAsPh2) 0. 44 (Os),[44]

1 .Z-1is(Diphenylphosph.inoc)acetylene (AD?) 0.46 23
1,2-bis(Di-phenylphosphino)ethaie (Ph2.PCCPPh2) (dppe) 0.38 23
1 '-bis(/Dipn-enylphosphinc)ethene-cis ,Fh2PC=CPPh2) 0.43J [47]3

'-.-bis'Dipheny'Lphosphino)propane (PDP) 0.42 [417]
1 .2-bis(Ethylthio)ethane 0.32 [4-7]
1, 2-bis( Hethylthio )ethane 0.33 [47],
I, 2-bis(Phenylthio )erthane 0.6 [47]
,2-Diamirc-2-methyl-propane 0.11 [23]
1- 2-Pridl.-3,5-dirnethylpyrazole (Pydipy, .3 [3

1, 2,-TriaZ Die, (- .3, 5-tri-2'-pyridyl) 0. 29 1.23]
I, 3--Di henyl-1,3-proparedionato (1-) (db-mo) -04 [46].
1,4,5, 5-Tetrazaphenanthrene 0.-36 [.23]
I-P'her-iyl-I,:3)-butanedionato (1-), (bzac) -0. 06 [46
I-Plienyl-44,4, !- Lrirluoro-2 , 4-pentanedionato (bztfo) (1-' 0.05 [46]
t.Z-bis(4-pyridyi.ethane (BFA' 0. 26 [3

§-5ipyridine '341 0.5 [23
2-,2,6.6.-tetranethyl-3,5-heptanedionato (dpmo) '.l-) -0.13 [F46]
2,2 --+ipyrazine [6) bpz) U.36 [ 231
1), I- pyrazineH (1+) 5~ [C12j
2,2-Bipyridine, 4,4'-dibromo t4,4-Br2bpy) 0.28 [2 3]
.,2-Bipyridine, 4,4-dimethyl (4,4-lle2bpy) 0.23 [3
.,,-Bipyridine, 4,4-diphenyl 03.213 [2311

-Bpyiin,4-methyl,4-vinyl 0. -L"
2-Bipyridine, 4-nitro 0.30 [21.1
4--Bipyridine, 5,5-dimethyl (5,5;-te2bpy) 0923
Z-' -pyridyl)quinoline (PQ) 0f -

,4--pertaned ionato ,I-) (acac) -0. 068 4e, 49]
2methylthicquinolime 0.30 [4']

biisoqunc-n~e fbiq) 0. -24 F231

. 4-bis(Methl-,thio)toluene 0.26 L477
6, 9, 1trithiaundecane U.3~4 [L F1

a in1-prropene 0.13 [231

Dd- -pent neiato I-(-laca' ) -J 3 I
mehy-,4-ent anedi--mc.: (1 ) -Meacao:) .1 r 1

Lhenl- 4-eraeirt a.-: -Pa -uJ.t



4-cyanopyridine-Ru(NH3)5 (2+) 0.33 [-2]
4-methoxyphenylcyan ide 0h' '3
4,4'-Bipyridine (4,4bpy) '' "3

8-hydroxyquinolinato, (1-) -0. t9
8-methyl1t h iqu- inc 1 irie 0'
Acetinitriie 90. 34 [3
eAorylonltr.1e ECN c-) L

Ammoni a 0. 07 3
Azide (1-) -0 .' [Q0
Benzohydroximato, p-rnethoxy 2- '.54 [541
Eenzohydroximatc., p-nitrD (2-, -0. 50 A] 4
BEenZnhydroximato,.- .5 E.54
Benzoisonitrile 0.41 [23]
Benoisonitrile, 2. '3-dichioro 0.46 PFC
Benzoisonitrile, p-chioro 0 .5 8 ELC
Benzoisonitriie, p-methoxy 0.36 PPILC,[37],
Benzoisonitrile, p-methyl O.~ FFLC
Benzyiamine (PMA) 0.14 L223!
Benzylisonitrile 0.56 [3'7]
Binaphthyridine (binapy) ()0.27 [55]l
Bipyridazine 0.36 [23]
Bipyrimidine 0.31 [23]
Bipyrimidine, ,4-Me2) 0.24 [23]
Biqu.inoiinoc (biq)- '17} 0.29 [L55,5 ,]
Bis(4-pyridyl )acety'Lene 0.27 [F23]
B4-is-alkyi-1 ,3-diazabutadiene 0.13 (Cr .0)L, 173
Bi-benzimidazolato (1-) -0.03 [53]1
Bi-benziznidazolato (2-) -0.16 [58]
Bi-benzimidazole (BiBizim) 0.17 [58]

Bromide (1-) {5) -02 123]
Butane(n) thiolate (1-) -0.5-5 [0-! -4
Butylamine (BA) 0.13 [23]
Butyruniftrile JPRC) 0 .35 [23]
Carbon monoxide (C0) 0.99 [23],
Chloride (I-) f45) -0. 24 [23
Cyanate (1-) -0.25 E
Cyclam ([141aneN4) 0.10 (Aq) 61"1
K.yanide (1-) t6) 0. 02 L2,1
Cyc 'Lohexylisonitrile 0.3,2 EPLO
Diethyldithiocarbamato (1-) -0.06 [23,62]1
Diethylsuiphide (6) 0.35 [47]
Dimethyldithiocarbamato (1-) -0.12 [23]
Dimethyiglyoximate (1-) 0.01 [5 3]
Diinethyl Dimercaptomaleato (2-) -0.47 [9
['imet-hylphenylpht~sphine (MMFf) 0.34 [3
O imethyiphosphine 0.34 PPLC
"Dimethylsulfide 0.3 [471
Dimethylsu iphide 0.2 f [47]
i7irriethylsuiphoxide (DM30 18', t C .47 [47,Sj

[IfL-2-pyridyL ketone (dpk, 0$',~4
i--pyridylarninato (1-,, (0) --73 e)



Ethanethiolate (1-) -G, be
Ethyl nitrite 0 7U- 2'1J
Etny lene 0j - A, [
Ez.hylenediamine 0. 06 7

Ethylnitrile ('4) i)_ _ 1

3tyixan t~~ $1) L

i ur id e 1 - CU .42 Crk -

Formate t .Fc'r,
'12.ifl in e -) 213",- J L

Hydride Il- - J FELC
Hydroxide ( 1-
imidaz-ole I

Ilm ic"jaz u e, 4 -v .y L 0 i1± 1
ilnmda--oie, fl-methyl KIelm) 0.-1 5 L3
iod id e 3,1- -0.24 r F

son i,:o-inainide kisrla) J .5 e Aq)tjfS]
'sonitrosopropiophenonato (-0A 3
i-Propyl nitrite 0.6 F?'/]

Propyiarnine 0.05 [ 2 3]j
i-Propylisonitrile '3.3-'6 PPLC
Maleonitriledithiolate (2-) (mnt) -0.33 [59]
Methyl nitrite 0. 72 [23/],
Methyldiphenylphosphine (MEF) 0.37 [13
Methylisonitrile 0.37 PPLC
Methy lphenylsu Iphide 0. 33 E47]

Napthyr idinc 0. 24 323j
Nitrate /,I-) {5,i -0.11 [23]
Nitrite kl-) 0.02 2

-)trson irn ( 1+.) (0O (5) -0.. c 1)
Norbo rnad iene 0 .4r ' ]
n -But Yl 4Ls ontr i Ie il 4 3

N-utlalcladiiat 1-) 0.46 [7071
N-Methy.'Benzohydroximato, p-methyl "l-)-J. A
N-Methylbenzohydroximato, p-nitro (1-) -0.18 [54]]

N:ethylpyrazinlum (NMePyz) (1+) 0.70 (0s: 266
11-methylpyridinium, 4-cyano (1+) 0$l) -. 7 2
N-methyl-( 2-pyridyl)-imine (pyii) '-,7 [23
Clctaethyiporphyrin (OEPL- (2-) (metal in plane) -0.07 [-71]j
Oxalate (2-) -. 17 [3
.-Acetyiphenolate (1-) -0.0-7 [70]7

L--Fropionylphenolate (1-) -010 1c 70]
Pentafluorothiolato (1-) -0. 33 [23]1
Eerchlorate (1-) 0.06 [3
Phenol, 2-benzimidazolato (1-) -02 [55]
Phenol, 2-benz imidazolato (2-) L-.3 [5
Phenylcyan ide0.7 [3
Pheny !,yan ideJ 0 ryan o 0 . '101 (A, L
Pheny I yan ire, 4-chloro 13.40 Aq
Phen>'yi cyan tle 4 yanr, D. 49 (Aq),
Pheny'Lcyan id- 4-methoxy Li35 1Aq
FheFyv1cyan ide ,4 'ret1lyl A q7(~

F1 liyr 1 i :--ni i '- -. <I

Fyrazi2'i T yz:
Vya:e.-. i -yr idyl Jpypy:, .4



Pyrazo le-
PyraZole (1-)1
Fy r id irie '24
Pyridine, 2-aminoethyl 0. / 7
F'yrio ine, 2-3ninomethyl 0
i'yr id ine, -enmdaot 1-
Fyr ic! me, 2-r-eriz imicda :o .ty.
Pyridine. 2-mida-zolyl 2.-Z
EFyridine, 2-isoquiflo yi
Fy r idine, -?hF~enyiaz-o (AMFy:
Pyr iclm4n, z-qu inolyI
Pyridine2, 2-t1 u ,l o fMeAzF'
Fyr-d 2-1 ?-nrpthyri line, i
Pyridine, ,-dic'blr A -.

P'yr id in , b-d ime thyl I A
Pyr id ine, 3-,amn o e thy I
Pyr id ir :3-2arboxamic30.o [2
P'yrliine,' i-A
Pyr id i-- 4-acetyl i~
Pyridine, 4--aldebydo C.1 '[,71
Pyr 1 dine., 4-c'arboxamicio 0 28 (Aq: [2
Pyridire. 4-carbcixylic acid I.29 Aq :.[
Pyr id ine, I-ChIoro, .2F L. "-I[2
Pyr id ine, 4 -cyan c12 52
Pyr id ire, 4-c-yano (nitrile bo:nded) 0.3?e [2]
Pyr id iine, 4-methyl (4-pic oV?')1
Pyr id ii-,e ,4-EPheni O. s !
Pyridirne, 4-styryl U'

r-vr 4di: e, -4-brif iuor'methylA
Fy r.id 4n e, 4-11-lbutyl .

EPyridline, 4--vInyl (~U
F'yrid ine, poiy( 4-vinyl.' tPVP) f 2 "1
P ri ~m i re 'c~yr in
ryrimidine,1H (1+)4
'r ri co int-carb,-Hi ithicinato I -

p k hl -rnt h icheno late (1- )-0. 4

p- To lienethiio late (1-) (-~ j,-A
' :;luol--sulfonate (1-)

Salicylaldehyde (1-) L

-3elerocyanate ( 1-) -:
j)ipyrido[3,2-c:2 3'-e]pyrida---we 'Taphor) L1'-

.ezrpyridine (1613 f
et rahyd rot Y.iophene J2

Traphr~y~c~hyrn ~TP) '1-' ~nta~Lr-p'-ane.U~ ?

Tetraa ~~ ~ ~ ~ ~ 0 1ar:V>(Z' 14 <
-IY le,

r 4~t~~
4 1 4a i y 1 . 2



Tr-iazole~1.2 ',4 (I-)

tr~t'lnoroacetate (1-h CTFA -2
Triflu,:rosulFonate j.11:)
Cr iethylphosphine

r .phen y tar:p ie

Tr i p heI: yL plol4s h t eDHC

Truphenyista m-rin-
:'It.OlyIphC~sph'flH Mew .F

tE: ' y1 1 p 1i.- m, h- n e

iofl' lp"1-p ,I ..

atxr J4 [ 781

p . S: -"i - . rn; , mher in rc'umjr:. tsi t-he net chargze -,r the I- 'gand; the lte
on Lts s tt-- rp'at -in used in the Appndix andA r4 re s.]' Mos

-re- Aer im- frm, p-sr a1
: Lserve-d wih 1- cmpounds - numbers in braces show

r- mc, t-;.a- a- c,-mpc-undls wfre " d nd the data averaged. The- (t Sign mea3ns r':at .
rr. -m'--what variable fr;.i nre comple-x to -athr

mea 9La ie d4ata we-re deie rmomu.rr m n :a rm

r 1~t;rntxp0~w;r FF2 ?gn~iis erived by fi*t 17i
ii: ThPT .. - ~ ~ ~ r .7? tertty- It~~1



10/8/89 -20-

Table 2 Slope and Intercept Dataa, Volts vs NHlE

Slope d nt-rcapt Regress. b tc Solvenat
/SDd /SD

Chromium Cr(llI)/Cr(II)(L.S) 1.18/0.06 -1.72/0.15 0.98 18 organic
Chromium Cr(IlI)/Cr(II)(LS) 0.575/0.U4 -1.12/U.05 0.98 8 Water
Chromium Cr(III)./Cr(ll)(HS) U.84/0.05 -1.18/0.09 0.98 14 Organic
Chromium Cr(I)/Cr(O)e 0.52/0.02 -1.75/0.1- 0.97 39 Organic

Iron Fe(Ili)/Fe(II)(LS) 0.68/0.02 0.24/u.04 0.99 24 Water
Iron Fe(lll)/Fe(ll)(LS)e 1.10/U.05 --0.43/0.12 0.99 14 Organic
Iron Fe(lII)/Fe(Il)(HS) U.69/0.04 --0.25/0.04 0.99 8 Organic
Iron Fe(III)/Fe(II)[5CNjf 1.60/0.14 *** 0.99 5 Organic

irn F~li/eIitCj .b1/0.12 0.99 5 Organic

Ma:xganese 'vn(II[)/,ka(1i)5cNI u. 38/u. 12 f *** Lu.85 6 Organic

Manganese tqh(I)/Mn,(1)e 0.61/u.02 -1.76/0.08 0.99 23 Organic

Molybdenum M(I)/Mo(O) 0.74/0.03 -2.25/U.10 0.99 24 Organic

Niobium Nb(V)/Nb(IV) 0.76/0.02 1.24/0.02 U.999 3 Organic
Niobium Nb(IV)/Nb(III) U.75/0.01 -thI12/O.01 0.999 3 Organic

Osmium Os(IIL)/Os(II) 1.01/0.02 -u.40/0.11 0.98 80 Organic
Osium Os(III)/Os(II) 1.61/0.M5 -1.30/0.11 0.99 18 Water

RheniuAm Re(IV)/Re(III) u.85/0.0 u.50/0.13 u.98 18 Organic

Ruthenium Ru(IUI)/Ru(II) 1.14/0.04 -0.35/0.09 0.97 44 Water

Tantalum Ta(V)/Ta(IV) 0.85/0.03 0.67/0.03 U.998 3 Organic

Pickett/Pietcher 1.17/u.05 -0.86/0.04 0.98 18

Ruthenium Ru(lII)/Ru(lI) XYZ 0.97/0.01 0.04/0.03 0.99 103 organic

a) All six coordinate except where noted. b) Correlation coefficient.
c) Number of data points. d) Standard error in volts. e) See Table 3 for isomer f)
TFetraphenylporphyrin - metal ouit of plane. g) indeterminate intercept due to use of a
macrocycle core of uncertain E J-value. h) from Ocraethylporphyrin, metal out of
plane. )CN = five coordlinate, LS = low spin, HS =high spin.



Table 3 C.:mtributions to tb,? HL.C' Iris teg: nIontjleai
L--rbonyl Derivatives.

I3 ') 13

M- 4NE) 4

M-MN R C ' ;1C

! ),4 4

- -r :-a2. to a gru-ater degree than carbon ffofloxl'jC. Co-rrect;-
i:-. r~ '3 a. 5U4. no, interaction by Iigd L.

NE -V l"rrH-"-ev -' f-r kata in Table 2 s :z-p tt.xt fo~r significance"
FrMeN?," j, J. IL V. ?lni( iI /Mn (l - PhNC-, 0. 31, MeN?, 0. 1, FI

-. n9 cc rrt icnS applIied. Fe"if11 ./V ' 11 MeNC , ":liNO.
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Appendix A
Data presented in Figs.
All data referenced to NHE. Charges refer to, that of the reduc..ed species in the ,..ie.
though in many cases, the electrochemical observation may have been carried out on the
bulk oxidised species. The regression lines listed in Table 2, d- not necessarily
include all the points on a given Figure; outlying points have been omitted in some
oases.

References Complex Obs Cal;. Y-EL
il Data in Organic Solvent Ruthenium(III )/Ruthenium( II,,

(open c irc les'
F23] Ru(bpy)2(CH3CNNO (3+) 0.8 0.87 0.86
rc-)q PI(hpv)2(CH3CN)NO2 ( 1+) 1.41 1.3 1.40
[23] Ru(bpy)2(CH3CN)NO3 (1+) 1.26 1.26 1.27
[23] Ru(bpy)2(Py)N3 (1+) 0.82 0.84 0.83
[23] Ru(bpy)2(Py)N02 (1+) 1.3 1.30 1.31
[23] Ru(bpy) 2(Py)NO3 (1+) 1.167 1.18 1.18
[23] Ru(bpy)2(4-t-BuPy)N03 (1+) 1.12 1.15 1.15
[23] Ru(bpy)2(4-vinylPy)N02 (1+) 1.275 1.26 1.26
[23] Ru(bpy)2(4-vinylPy)NO3 (1+) 1.15 1.13 1.13
[23] Ru(bpy)2(Cl)N02 0.81 0.83 0.81
[23] Ru(bpy)2(Cl)NO3 0.69 0.70 0.68
[23] Ru(bpy)2(Py)CH3CN (2+) 1.6 1.61 1.63
[23] Ru(bpy)2(Py)CN (1+) 1.28 1.30 1.31
[23] Ru(bpy)2(Py)Cl (1+) 1.019 1.05 1.04
[23] Ru(bpy)2(Py)TFA (1+) 1.13 1.14 1.14
[23] Ru(bpy)2(4-AcPy)Cl (!+) 1.06 1.09 1.09
[23] Ru(bpy)2(4-vinylPy)CHsCN (2+) 1.53 1.57 1.58
[23] Ru(bpy)2(4-vinylPy)Cl (1+) 1 1.00 1.00
[23] Ru(bpy)2(PyrimH)Cl (2+) 1.21 1.21 1.21
[23] Ru(bpy)2(Pyr'Cl (1+) 1.12 1.12 1.12
[23] Ru(bpy)2(Pyr)NO2 (3+) 1.38 1.38 1.38
[23] Ru(bpy)2(BPA)CI (1+) 1.01 1.05 1.05
[23] Ru(bpy)2(BPE)C1 (1+) 1.02 1.06 1.05
[23] Ru(bpy)2 (MPP)C1 (1+) 1.15 1.165 1.16
[23] Ru(bpy)2(MeP)Cl (1+) 1.18 1.16 1.16
[23] Ru(bpy)2(PDP)Cl (1+) 1.15 1.21 1.21
[23] Ru(bpy)2(PPh3)N02 (1+) 1.49 1.43 1.43
[23] Ru(bpy)2(PPha)NO3 (1+) 1.31 1.30 1.30
[45] RU1(bpy)(phendione)2 (2+) 1.67 1.64 1.65
[47] c-Rn(bpy)2(Ph2MeP)CI (1+) 1.15 1.165 1.16
[47] c-Ru(bpy)2(Ph3P)Cl (1+) 1.18 1.17 1.17
[23] Ru(bpy)(Terpy)(CHaCN) (2+) 1.55 1.60 1.61
[23] Ru(bpy)(Terpy)(Nl) (2+) 1.41 1.35 1.36
[61] Ru(bpy)(terpy)(CN) (1+) 1.3 1.285 1.29
[79] Ru(bpy) (biq)(4,4-Me2bpy) (2+) 1.54 1.536 1.54
[79] Ru(bpy)(biq)(phen) (2+) 1.59 1.57 1.58
[79] Ru(bpy)(biq)(pq) (2+) 1.63 1.57 1.58
[79] Ru(bpy)(biq)(i-biq) (2+' 1.53 1.55 1.56
[79] Ru(bpy)(biq)(BiiMJ2) (2+) 1.33 1.34 1.35
P79] Ru(bpy)(biq)(bipyrim) <.Z+) 1.7 1.69 1.71
[79] Ru(bpy)(biq)(binapy) (2+', 1.51 1.48 1.49
[52] Ru(bpy)(biq)C12 0.7 0.62 0.60
[80] Ru (bpz)2(CH3CN)Cl (1+) 1.56 1.54 1.55
[80] Puc(bpz)2C12 1.04 n. 98 0.97
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[81] Pu(bpz)2Br2 1.03 1.03 1
[81] Ru(bpz)2(N02)2 1.42 1.43 1.44
[23]1 Ru(phen)2(CH3CN)2 (2+) 1.e85 1.39 11
[L:3] Ru(phen)2CN2 1 .12.2 1.07 1.07

[2 R u(phen)2(PY)2- (24-) 1.51r 1 .529 1. 53
[23] , Rupler,)2(4-viny1Py)2 ( 2+) 1.49 1.48 1. 49

[23 Rup -,2(naphthyridine) k2 ) 1.51 1.50 L.51
[8] u phen 2(PY)2 (2+ 1.515 1 .52 15

P~' u(phen)2(en) (2+) 1.125 1.19 1.19
L 8] _, u(phen)2(PY)C1 (1+) 1.1t45 1.04 1.-34
E [;2]1 Ru(phen)2(gc:ac) (1+', 0.87.5 0.8 . '1.7
IL112] Fu~phen -,2eOX) Cl. 7-- 3.71 0-. 70)

[~J Ru(phen )2(-1'2 u6b/_1 J. 36 -1 ,
P2] Iu(4,7-diMe2Phen)2(PYZ)C1 (1±) 1.01 1.04 1.32l

J's Ru(terpy)('BPE)3 (24-) 1.A1' 1 15
[8] Ru terpy)(Pyl)3 (2+) 1.15 1.485 1.49
[3:3] Rterpy QCH3CN)3 (2+) 1.73 1.75 1.76
[3] -Fu(terpy)(CH'H3N)2C1 (1+) 1.17 1.18 1.18

[33]j t-Ru(terpy)(Py)2C1 (1+) 1.07 1.01 1.00
f,33] huo_(terpy)(PY)2(CH3CN) (2+) 1 .53 1.57 1.58
L83] Ru(terpy,'(Py)(CHaCN)C1 (1+) 1.09 1.095 1.09

[23] Piu(pydipy)2((CH3CN)2 (2+) 1.6 1.55 1.56
[23] Ria(AzPy)2Br2 1.19 1.21 1.21
L '23] ) Bu(Az~y)?C12 1.205 1.16 1 .16

[23 F(MAZ~)2r21.137 1.21 I121

[21 u(IeA2Py)2C12 1.147 1.16 1.16
L63 FuM..)(CH3CN)2 1.29 1 .24 1 .24
L Ru (TZ FY 2  1. 05 1.06 1. 06

6,: "1 Ru (T Z)4, 4-bpy) 2  1.03 1.7 17
_t ,, Hb iq )2C2 0.72 0.69 11.8

L .5- Pu(biq2 (FE t3 )H20 (2+) 1.48 1.47 1.48

[84] rn-Ru(Fy)3C13 0.08 0.06 0.02
L50 PuBr2('SMe2)3(DMSO) 1.0551 1.06e 1.L5

[5] RuBr2(SDEt2)3(DMSO) 1.035 1.045 1.04
5C)3 RiiBr2(SEt2)2(DMSO)2 r. 98,L 1.0 ou ~

R)_] RC12(SMe2)4 -.80 1.81 (J.
L R", RU1(~2)(MO 1.045 1. -5 1 jc

[ 5(] RUiCI'2(SMe2)2(DMSO)2 0.945 0.96 ID.915
?u' 3(DMCH )2(CN)2 1.,04 1.0ti 1 .33t

bI Ru(. ibiq )2(CN)2 1.0 199
38 t) Futerpy)(dppyz)C1 (1+) 1.8 1_'4 11

11 ~ y(N"2check 1. 1045 1. 4

Hu't-py) 2(SH3,yNO2) (1±) 1.9 1 .15 1.15

~ i~r~K4-ic~ ~1. 47 1. 46 1.46
K~~~~~~ .1.'Py24Ec 1+ ."7 1.47

S bi P A-3i 1 C 1-+ ) 1. 4J 1 1 ..13_
'' 'py) biq (n;3)(1 1 1. 1l 11



~56' Ru(bpy) biq)(P(n-Bu)a)CI (± 1. 119 1.1A
[51 Ru(bpy)(biq)(P~h3)C1 (1± .6 1.2 12

F ig. 1 Data in Water Ruthenium(I1I )/Put"%en iun I

28 1 Ru P-en)3 '2)0.113 0.10
72 j Ru O H3ae 0.5 D. 135 0.42,

17 2 Ru(NH .5PIy2 (,2+) 0.49 0.43 0.65jp
[ ]Ru NH3)--FY 2t, 0. .34 0.6e

1-7-- Ru ( H3 ).5(4-Ac~y> r'2- 0.39 0.44 U365
[2~ -j u(NH3)5(CH3N (0 0.43 0. 44 C;.69

[7-- Ru( NH3,'s(PhCN) (2~-- .4'--5 0.48 0.2

8bd Ru(NHaI25(pyrim' 2+) U. 44 0.441 0 .b3
jf 31 RuNH3;5(,4-bpy) (2±+) 0.3: 035 0.-

St-KR-i(NH3)4(4+Fic)(Py) (24 0.45 0.52 0 '
WI -F(NH,~(4Pi2(pi~('2±) 0.11 0.51 .5

[d61,J t-R NH3)4(4-ic,*"(4-Ac~yI 2+ 0.52 01.8P2 0 .84
L8133 t-HU( NH3)4(PY)2 (2-t) 0.48 0.55 0.'78
60] r-Pu(NH3)4/PYi2 ~2 ~0.505 0. 55 0.78

i 3. t-Ru(NH3)4(PFy)(4-AcPy) 2± 0.55 0.64 0.865
P'36 tRU NH3)(?FY) W YZ + 0.65 0.64 0.86

-ib u twNH3)4i(4-Ay 2) 0.60 0.74 AP2(2)0.957
L F] t -Fu t lH3) 4 (p Y) (4 -Ac Py. ) 0.74 0.73Q 0.94

+ 5u (4 H3"14(PY (q- 0.78 0.2 0.93
L ,F, i CF NH-3)4(PYm-) . 0.816 0.2 0.93

'61 NH:3) 4(bpy~ 0.51 0.5j6 01. 79

L Fu NH-9 (-CNy) 2-4- 0.57 D1.50 0. 74
Y. 8 1),NH3)4(P-nBU3 2 (2') 0.71 0.6f4 0.86p

$~~~~~'~ F'; 1-':y 2.0.9 0.5 0.7R
IUP5r2(phefl) "+ .55 0.54 7-7

-01 Pu c-Ycl in.,bpy) 2  0.6.5 0.70 0.92
~' u y1a.~(he~ (±)0.63 0.7 0.91

(F1udNP3 )4(PY)2 (2+'-) U.5L-05 0.55 0.78
F~~] FuH3)4(lFY)2 (2±) 0 .49 0.55 0.7

7 1 RU0H3)4(dpypyz) (2+) 0.82 0695 09
j] Ru'bpy)3 (2+) 1. 51L .0 15

'L23 Ru~b[py)2(PMA) (2+) 1.21 1.1e, 3
I "jJ Ru (bpy ) 2(4 -v iny LPY)2 .2±+ 1 .2-,851 1.30 1.44
.5 Ru~bipy)2(PVP)(CH3CN) (2+: 1.148 149 1 . ll

Ru(bpy)2(PVP)C1 (14-) 1 8: 1 . (1-
3 P u(4,4-diMe bpy)3 (2+) 1.00 1 5 1.40

S u H(-Tr1H3 -4 O.± '.S J',

3 e en1.04 ~ 1. 4

P;)~ Ph~r 1.- )2 b' 5 1 4

3U !t,'
1 7J
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F :.2
Obs. Cali-. ZEL, NHE

8h3 -0. 35 -0.41 0.39111
~F3C02- -0.73 -1.04 .1

CN -i -0.84 0j.0
FhCN 4 -0 .4 0.3 7
Fheriacopy -0. '18.41
bpz -04,5 -0.44 0. 3t:
bipyrimnid 1"5 C .50
bpy !j -0.5 0. 2

_- 0.47 0 .3,4
Py -0.53 -0 0.2)5

t, s Fh 1.n., :a 1,4 -0 . 665 U i-P 5 3(. I-
CF3PLAaAc- -,).765 -60D 0. U5
NH:3 - o.77 -. 76 00
en -U./ -X 08
P'12AcAc- - 0 .8at85 -0.92 -0f-04

NE--0.388 -0. 930 -0. 055
MeP11-AcArc -0.89 -0.935 -0.08e
AcAc- -0.9i -0.96 -0.08
Br- - 1. 1 7 -1.12 -0u. 22
Cl- -1.19 -1.15 -0.24
a-Zije- -128 -1.22 -0.3

F14g1, Data in Organic Solvent Osrniui(IiI)/Qsrium(II)

Obs Caic. 7EL

[44.',21 Os(phen'-2C12 0 .24 C1.14 0.54
[90j 0 s, b py ) 2,B r2 0.8 0.n.60

E'24 L G ( bpy ) 2 "QX) 0 .345 0.31 0D.71
L'K C ( P her', ) 2 ,OXF. 39 0.3 -0 3. 70
L4t sd 1ph o s )-C12 0. 45 0.36 0.76
E48u OScdiPhOS)2Br2 0D.39 032 .2

82 1''s irhen 2' a.oac) (1+) 0.48 0. 47 0.87
'24,44,82'j 0S(bPY)2(acac) 1) 0.49.5 0. 48 0.88
i'441 Os(bpy)2(4,4bpy)C1 (1+) 0.156 0.62 1.032
[82] Os(phen)2(en) (2+) 0.57 0.76 1.18'
[8 2' ]0s(phe-n)2(F'y)C1 (1+) 0. 5 0.6R4 0.C4
4 4' nsbpy)2(PY)Cl (1+) 0.59 0. 65 1. 04

[j44i )s(bPY)2(Py)Br (1+) 0.59 01.8P7 1.07
[44] Os(bpy\,2(CH3iCN)C1 (1+) 1). E", 9. '4 1 .13
-uA Osr'bp.4 y)2(PYZ)C1 (1+) 0.67 0.72 11
J- !sPY ,2(glyri) ( 1+) 0. 054 11_94

.JU ", CIS2pY20N)2 I.~i h8 10

IL44] 0bPY)2(Ph3AS)C1 ( 1-) 0,. 75 U. 118 .17

~44 Cs py . Kh3P)C1 (1+) . 3 11

144 i ' -)p~r.~ Q y- Mi 3C 1.2
i T ~b Py P 11M 2C 1+ .'

4, 4-Me_2-_y) 3,.: 5 13
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[44] Os(phen)PY4 (2)0.96 1. 12 1 .52
[44] r-s(bpy)(PlPh2Me)3Cl (1+) 0. 99 0.99 1.39
[44] Os(bpy)2(Py)2 (2)0.99- 1.14 1.54
[44,82] Os(phen)2(PY)2 (2+) .95 1.13 15
[77]7 Qs(phen)(dppy)(PhMe2E))CI (2-) 1.04 1. 13 .5

[44] U0s bpy )2,,4 4--Me2opy '2 (2k) 1.5 19 1.48
082 0s (b p y3( 1.06 1.16 15

[44] 0S(bPY)2(PYZ)(Py) (24) 1. 08 1.2 .1
IL441 f0s; ,pher-i)20CHnCN2 2+ I'l. "11 1.15 1.71

_j2 GS bpy,2(CH3CN) 2 (2<15 1.2 17

545] Cis( ihen'2(phendione) .+1.17 1 .26 16
i44 1 Dsbpy,'2(PYZ2 (2+'l 1.21 1.30 1. 69
'44] 0S(bP'y)2('hFaEN02) I1± 1.21- 1 .27 1 .6 65 t
[45] JS(t.PY)2(phendione) I 1.2 121 1.60
[44] mt-s(bpy(FPh~e2-)3(N02) t1±) 1.29 1.37 1.76
L4 4 ) '_S'JPY.)2(Ph2MeP .(COM-CN) %2+,) 1. 1.34 1.74
144] Os~~pnerh.2 Me2E3-lP)2 1.3 1.0 .70
[1441 t-0Ds bpy)2(h2MeE))2 (2<+ 1.34 1.38 1.78
[L44] Os(\phen,2(diars) (2+) 1 1 .305 1.70
[44] f.0s(bpy)2(diars) (2±) 13 13 1.71
[77] Os bpy 2(O.)(02CH ) f'!-) 1.3 1.314 1.73
[77] ')s~phen)2(00)C1 (1'+) 138 1.38 '178

['77]I Os~bpy)2[C0)Cl 1. 1. 42 1.3119 1.78
[441 ~-sbPY)2(?h2llP)2 (2+', 1.45 1. 38 1.78
[ 94j _(bY 2(MeAz7Py) (2-.-) 1. 47 1.45 1.84

] ~2 hen(M3P)(C)C1(1-) 1.49 1.53 1.931
7 ' IS" bPY 2(CO>i.02CCF3) (1)1. 1.49 1.89

[441 Cr' )Y2'JPPM) (2+) 1.1 1.49 1.9
77] Os pher-n)(FbJe2P),2(C0)C1 1) 15l.4 19

:L44-'O, LIP r. ) 2y)dpp e), 2± 1.,54 1.52 1.92
[44' C~pe)(pe (2-I.54 1.52 1.91
E44] 1sphen)2(dppm') 1.56 1.49 1.88
[47] US(lbPY)2c(dPPY' (2 .64 1.815 2.i u
[449 Ds(pheni2(dPPY)2) 1 .6F 1.61 2.00 C
j77] -Us( pher)(Ph2MeP)2KOr)C1 (,l+) 1. 65 1L. 61 2.0
[r44] Os(blpy)2(CNMe)2 (2C-+) 1. 68 1 .38 1.78
L44] Os(bpy)(tdiars)2 (2+) 1.7 1.47 1.86
[L44] Os(phen)(diars)2 (2+) 1.71 1.46 1 .8 5
L17] t-0s(phen)(Ph3P)2(CO)C1 (1+) 1.74 1.615 2.04

[9]Os(bpz)3 (2+) 1.76 1.~7 2.16
44] Os(bpy)2(CO)(N02) (11+) 1.78 1.88 22

[-'77] Os(phen-)(dppy)(20)C1 (1+:% 1.78 1.8 4 22
[94] Os~t~y6(MeAzPy)2 (2+) 1.88 1.76 21

L44] ,ny1pm' [- 1. F .03

1-7 (p)2 9'CH3CN ?.C)4 138 7
05,dpy, 2, t)7 -4t3

443 0s- phenPdPPY;2 12+) O'd 0.17 2.45
b~'2i0Ph3 2. )42

±4 M~~Ey1~ 2~1 2140

ITe'Y2Cl1. tE'~lJH2l u. 03 A4
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[44] Os(bpy)2(CNCH2Ph)2 (2+) 1-74 j*7 .1

Fi'g.3 Data in Water Usrnium(I1i \'/Osni~ln( II
[3'9] Os(NH3>--21 (1+,', -0. 6 .2 01
f[-99 i Os(NH.3)5Br 11± -0). 7 -.9 01

[68] C s(NH3>'5PyZ 2+~ 1 06
[68'] OsKNHa)sPyd 2+) (J 1 -0. 22 0. 67
[681 0s NH3)s5(4,4-bpy) (2+) -0 u :30 06
E68] OS(NH3)S (2) 0' 75-- U b 0.4 2

108]0s(H3isa 2 0. qL 0 .26 0.6 1
L10 OskNH3 ;5N2 2;L8 076 13
[66]., Os,(NH3)5-&?(H3MN (20.29 -0.19 0. 69
L,66] Os(NHrj),-(EtCN) (2)-.5 -0.13 0 .69
E66] Os(NH3).5ECN) (2±+ -0. 17 -0.13 0.72
'L66] Os(flH3)5'PhCNi) ;,L+, -0.19 -0. 16 03. 71
L100] 0-,(NH3 )5CO ('+) 0 .9 2 0.865 1.34
[66]1 Os(NHo)52yriJm (2-4) -0. zt -0.36 0.58
I 1011 Os(phenI):l(dppm' (2- 1. c-7 1.9 .7

['11] Ds' phen)2(dppy) 2+ 1.65 1.70 1.6
E 1011] Os( ph en 3 2 1.-08 1.19 1.54
[101] Os(terpy)3 (2+) 1.23 1.10 1.49
[101] -Os(phpn )2C(C1) (1±) 1.51 1.57 1.78

Fig.4 Data in Organic solvent Chromium(1II)/Chromium(11)
Low SPLi Cr(II)

[10 3 ~ N~~ 22-i-) (3.85 0.7 2.2
(li r(Nh,-Oe~ (±)0. 751 0.73 2. 10

102] ('r(CNPh,4-Me)E3(+ 0.3 0.686 2 .16e
JO?] C'r(CIPh,4-C1)8 (3+) 0.90 0.5 2 .2

L1 3  rAcE'y )3 ( 2- 1.30 .16 2).46
DA ]~ (2'r(A_7Fy 2C12 -0.19 -0.38 1.18
Jo4] Cr (bpy )2CN ) 2 -0. 50 -0.47 1.0
[2'7] Cr(phen)(CN)4 (2-) -0.99 -1. 04 0. 59

Ii-!bi(Jr(bpy)3 k.2 +, 0.0 03.09j 1.5
5]b' (2r(phen l)3 (2+) -0f.04 0.08 1.54

[ 43] Cr( terpyl)3 (2-) 0. 09 0. 01 1.49
[43]' Cr(5,5)-Me2bpy)3 (2+) -0.08 -0.10 1.339
[ 104] Cr(4,4-Me2bPY)3 (2+) -01 -0.i6 1.34

11-41 Cr(phen)2(NHa)2 (2+) -ID.65 _A. 37 1. 171
L 1041 Cr(phen)2(NCcl)2 -0. 78 -0. 67 9.2

J~]Cr(bpy)2(NCS)2 -78 -0. 65 0.3
[106].6 Cr(CNCMe3)4(t-Bu-DAB) (2+, 0.91 0.90 2.24
pL48] Cr(diphos)2C12 -fl.45 -0.851 01. 76F

M-i-r-.yclI V £pec ie
- I ir' 7 ~' i? (Y 043 -0. 46 0.48

l'jrlj r'E '~1 I4 9 -0.0
1 iJb J rTPP (.4 -(:NE-y ii0.s I 0.2

lirk TI~FF ( 4-Pir', 1, i A-1 1,4

1 I ir 4 (r+ y '2 -u. 14



Fig.4 Data in Organic Solvent Chromium(1:K>./Chromium 1l>
H igh Sp in Cr IlI)

[ 109 1C-r(bda)3 (1-) -1.44 -1.66 -0 .57
[lU9G] C-r(3 -SCN ac ac)3 1<-0.97 -1.14 01 l1if

Th~~~~J1 ( Lr .K~coa 4; C 014

9 & r f4'a,-, -q 0. 6.91 .b.18

[±08) rM, Qhmn3 1-1 .394 1. 40 -0.17"
LIUJ -1.8 -pm: 79.

'10' Faac I13 - '1 1.3 e4 5
1 A 1r pJ e' 14

4l~ -1 Cr1'h~i e. ,j -D ,

1 4 r phe;2 in:3 [ate Chr.43m III 47 hmum 11)

1&41 Cr~l -pyNen)2s " -4-- -104 -1.0t

rkpnr1)~:Z -w0 L 4

IL1 4 N' e 14-? -1 )4.0 17 0e 1 '

L4< Cr4 4-Me2tDpy)3 '2+% -0.42 -.3

L sta.- in, Water ironJ LI)/rn(>
TLtw sp in Fe(I),/Fe(lI

1L] i U4 ) 4 (dpypz) (2- 0. 69 0.79 0 .80
2 ]) Fe(Me2bipy)a3 (2±) 1 .18 1.16 1 .3,4

-lFe(5-,N02Phen)3 (2+) 1.49 141 1.7
Fi]Fe(pnen)a3 (2 1. 19 1.54

L i, Fe(terpy)2 (2+) 1.1/7 1 . 6 1. 40,
LO]Fe(CN)E3 (4-) 0.36 C3 01

1-1I Fe(bpy)(CN)4 (2-) U3.S 1 5 .

Li rcA '-M~2Lhen~ (9-)1.16 . 17 13

3 J -3 LINM4),:p PY 3 .s 1 '-

LI r <4CAv y j . C. 4

'-'N -4 t

11.. 0 1 - [yr J. 5t4' 4-



£13] Fe(CN)s5(Pyrazole) -1. I44 j 4~ j AC:3
F)JFe(CN")5(4-le-y) (3-) 4-' 0. 47' 0.>

1- I t.>W'd\/(.j'flNHUi.X, 0( 3I02

11"3 Fe(, 'N 15(,4-QQONH2F'Y) -)194

FKN 4 rir .1 A 4:
'2 "J"0..9

j e(CN .5i-c-y' 'J079 4 1> 3

a i.irgan'e sct-vent ILo I Li

Low spin " eK jIT I &

VCK ei 'Ne' )S.-64 .'46 ."4
631 Jj Feiphen.)3 (2 - ) 1.41 1.29 1. CH

4> F e:,5,D Her pv-3  1.16 1 1. 11

4' 1j e4,4 [Mebipyla 111 1. 09 I2
Ij Fe,\h t a N ';i.4 -- 0.31j >3 J

L(4 *e,,p htndron e)3 1'~ 16 1.42 1

>-j ! ,,Lp 12 'bv)2(CN 0. 71 0.716 10

j LFP, rfr'PY 2 (2+) 1 .33 ... 1.49
1 3 ;dPPe-)2'flCME ,2 (+) 1 .72 1. 95 2.1

:3' Fe ptflFn) 2KNM e )2 -2+) 1.79 1.76
[A:'J FH >I-phlen \:3 (21.41 1 .29 1 .56 F

4; j FeH(Aiph'oz&1C 2 0.3 0.41 j. /

4 e .d i4pFOS) 2br2 0. 331 0.4c

.1(7iF )3U Th' 1.4, 1,'1-6

-EFv4Ac 2 3"N 2 2 i

F(m20.162 -0.1 . 1
17FeTPF)3506) it 3 *

"Fl-__ 4/58 Acin 2e 4'I I';2 t II

L Fe"rP a.) &.1 1 u 1:3
L 1 l Feuh ~D3, 5 C- 2- . 'Z19

FA Hig sI d 4

1)3 1.5-1

' ):3 u

f



M.3i ig3ne - L1i ngresK

12 Mr.' PhWC 5 CC) l-) 1.52, I 54 4.> .7.4

LI. Mri( 1.4 91 4 1.4 ' 4.14

M-MM- j m3'C Mn~~. K )3 (1) 214 4 t1 4.2
12'i f M Ti(PhNC .3 k. CO ; - s '+2.36 4.2
L..'] - Mlll41N' ,O!C)4 Kl+ 45 - Z b! ~ 4.

r j Mn Nl rpz t ;3. 62 6 ,-

)2(~ M C'Q(( 4 '1+) 31 , .1 4i J.Id-

I L --~N~e13 l1+) 14 1.12 4.6,t, 1.
LIHn0a~C~i)3(1>1. 9' 1.94 4.57 4.~

t k(Q'2"-CN~e4 1+ 1.52 1.52 4.0U4 41
Mr; )2''SN~e 14 .6- .5 4. 04 4

Li -.MWlW dprn)2K NCMe' 1+:J 3. 66 lU
'Mr, d pm/(Ne 01- .7/, 0.70 234 :j 44

M , (' Prrn2Br 0 .24 0.3 .45 2.45
1'11Mn(CI K2 dPM ) 2 f,1 +) 1. 1 1. 21 366 .66
1 n (C". MnW1PM 2CN 0.31 0. 42 2.c .6

12'1~ MMC- pm# 0:33PM2I 1).36 2. H 15 2. 61v)
1'i,' C,'Ov '0)dpmrn)209 t K1+) .783 0. 70 3.03 ..
u161 mrI 5Br 216 3 I57. 03 4 .73

4] Mil r.~ s1,975 3. '38 6.34 5 .,4
71:nr.-Iu~r-L isome~r corr-c--ions; b) excluding isomer Corrections -see

F Chromi;UM(. I Chroriumrn''
Obs. Cal. EEL

L I Ch 3(-',4 N3/7D3 0. 20 0.48 4 .29
22 ('' )4 , PF63)2 0.389 0.7 .4

L1- -~C5 C' tl;eC4 2 0 .59l 0. 81 4.94
11j ,4Y.20 . P4 0 .72 4. 76P

[ O 7 'r i. E .9 .4 6.54
ILJD Cr,"' ) 5FPh3 131.5 573.

E IJ Cr(C095EPEt3 1.34A 1 .2 1 E5'1

[1-001 Cr(m--)5PMe3 1 .4.2 1 . ) L,7
riL-i1 Lr (Cm)5NH 3 0I.3  1 3 4"
110] Cr('C0'5NC~e 1. 74

F -113 1 (,r C 5PY 1.14 1 56~
Cr (CQD) 4 ( h3)2 0 .6 d8 85 5

1'j f -(r -ii"3(PMe2Ph,)3 0 .41 4' 4.
I~jF n ('r f 7 ,'~ .(. 9Me )3 )3 960 0D 5' 4 . 16

9.74 1Y- 4

1 F.4 'L

r J.

'14 U4



I 9

[] Cr (CNFh, 4 --Me' a~.~s -2
Cr(CNPh, 4-Me: 6 91~ .0 <4

r~ I.
i2 Cr(mD)5(CNPh) 3 14

9(1Cr(rn')(CNPh) 5  09.2 2m
I f -7r C (70"'NPh '79 49

r 3, O~ -F-DAB .8 0.1 27
' 5 c, 1-1. 87 S1

F67' 1 '~5~r' 0-915 0j. 94 .5.1i8
£7 r 5 .s 1-(.3 .2 54

(1(9(9 M'"C <"4bpy06 1.0OF 4.40k
C[lOW (,M "Q4(PEU3 "2  1 .14 1. 110 4.54

Mru0'2dPPe'22 028 .42
lIfn] t-Mc920)(NCPh'!(dP[:e 2  -0.16 -0.18 2.

[Lu L t -Mo(0) (CN)(dppe Z (1 - -0.59 -0.44 2 .45
FL10 01 t-Mo)(CSCN'(dtpe)2 (1-) -0.5 -0.49 2 .315
[IO001 t-Mo(C0(N3)(dppe) 2 (1-" -0.76 -0.67 2.13
(9] t-MoWO('K )NC~e)(dppe') 2  -0.25 -0.17 2.81
F 1231 t-Mc(N2')2(PMePh2)4  -0.37 -0.09 2.92
[1002 MO(N2)2(4-pic)(PMePh2 3 -0.24 -0.19 2.78
[ 100)1 Mr-( N2 I 2(N~Ielm)(PMePh 2 "3 -0. 41 -0.31 2.63
[111 t-MO(N2)2(dppe) 2  0.08 -0.12 21.88

1-ll t-MoD(N2 )(PhCN) (dppe) 2  -0. 24 -0.38 2. 53
110 t-MC}N2 "(MeCN) (dppe)2 -0.34 -0.401

F 0-1t-M(lN2K(SCN)(dppe) 2  (1"-0.63 -0.69 lc
'Ln 10-1 tMON2)(N3a1.dppe)2 (1-) -0.95 -0.87 1.86
F91 t-M( (N2)(CN )(dppe' 2  (1-) -0.74 -0 .61 2. '2

t9 -Mc N2')(NH3)(dPPe) 2  -0.49 -0.57 -)27
C143M("-Y(-pDB 0.89 0.88 4 .24

r ''4 j tNrC (-4 i -BuDAB) 0.9 0.88 4.24
L1241 Hjo 4(i -CyDAB) 0.87? 0.88 4.24
[124] Mcu(Ckv/-3CN~e)t-BuDAB( 0f. 51 0. 42 3.62
[ 1241' Mo(M,,aqCH--cN)(T-BuDAB) C,.45 0.40 3. 59
' 141 MO(CO)2(CNC~e3) 2 (t-BuDAB) -0-.02-1 -0.05l 2.9

E iiz. Nicobiunri(V IN irbium( IV7

I,"~ Nhf (7H3(N )(1.5 (-0.56 01.518 -0. q7
[127 NSHf t,4.0 1. 02 -0. 29

Ninbiurn(IV>/,Nijbium( 111)

-1.2 -1.20" -1.45

-N ((1 H3N 2F- - 3 -i7 ,7!8

[anrta 1u n, V. 'T -rit % 'j m I V



L Z]TaCls (2-) - .
Z125]- Ta(CH3CN)C15 (I-) iL -. ' K

c-] -Ta(CH3CN)-2C14 [4 K

6] R~is -J~~> -. 7: 44

qf! bpJ K'1 I-. J. 1 -h. 44

f L b-y)'Wt12F>.C1:3 077 0.61 .14
H? f -Reb Dy (r~b3) , 013 RR .19

12, BeCl'31 )P_2E~h 1 3

9? m-iRe, Fh3 v)(713 9 C.684 0.4
-i Rnes,' Me2Ph CI13 JO . 7 '.3

J PJ 3 Et2Fh >bpy) .2 10
1,1 R e(NOS' 3(FEt2Eh Ibpy' 992 1.06 0.68
[130] -e,'(S 3(PEt2Th ) (,ppe) 1. 08 1.286 I 0.92
9 7 t,-:-Re~bpyKPMe2Eh.'2C12 (1+1 1. 11 0.72
~1]Relpy2r '.1+) 1.71 1 .79 1 .52

13 1] Re(dPPY)2C12 ( 1+7 1. 75 1) 1.406

TEE TEE GEE

obs. Cal. Otis. Cal ribs. ca
Lais-.6 -l1 -0.39 -0. 4:- 4

~~Hr~irrat~C. 9 .7346 u. 44 03
-n.i.e 02 -A.0 .03 0. 091 -C.1 -0.11

a.2 0e1 -07 -0. 18 -0.12 -0..- 4 '

hui 0 05 -0.104 -0 . 0)0. id -[D.03 -0176 1 - 1 04
D4 ide u. J. -0.0

t IiCoi-yanate -0.01 0 .0'3 0_1 26 0 7 l
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Figure Legends

1. Plot of observed Ru(III)/Ru(II) potentials for Ru~xYyZz complexes
against EEL. Upper (open circles): measured in organic phase
solvent, are referred to left-hand Y axis. Lw(closed
trianges: measured in water, and referred to right-hand Y axis.
All data are vs NHE. None of the complexes here plotted were used
to dorixz EKL(L v ,'s. For a listi:g of the data plotted here and
in subsequent Figures, and for the relevant references, please see
Append ix.

. Plot of Picket/Fletcher ligand parameters against corresponding EL,,L
values.

3. Plot of observed Os(IIT)/Os(II) potentials for OsXxY-Zz complexes
against 2EL. Lower (open circles): measured in organic phase
solvent, are referred to left-hand Y axis. Uooer (closed
triagles): measured in water, and referred to right-hand Y axis.

4. Plot of observed Cr(III)/Cr(II) potentials in organic phase solvent,
against 2EL. The open squares (upper right) represent six
coordinate, low spin (LS) chromium(II) species all of whiuh carry a
net (2+) charge except for those indicated to carry (0) or (2-)
charge. The closed circles (lower left) represent six coordinate
high spin (HS) chromium(II) species all of which carry a (1-) charge
except for those indicated with (1+) or (2+) charge. The open
triangles (center left) represent six coordinate XYCr(TPP) species
(TPP a tetraphenylporphyrin). In this figure and those which follow,
the charge refers to the lower oxidation state complex.

5. (Upper) Plot of observed Fe(III)/Fe(II) potentials in water, for six
coordinate, low spin iron(II) complexes against EEL. The open
triangles represent net (2+) species except for those marked with
(0) or (2-) charges. The species represented by open circles all
carry (3-) net charge. The closed circle is a 4- charged species.
(Lower) Plot of observed Cr(III)!Cr(II) potentials in water, for
six coordinate, low spin chromium(II) complexes against -EL. All
species carry a (2+) charge except for the (4-) species as
indicated.

3. Plots of observed Fe(III)/Fe(II) potentials in organic phase
solvent, against -EL. Upperiglhi: low spin (LS, both Fe(III) and
Fe(II)Y complexes; the filled triangles represent a range of (2+)
species except where otherwise indicated. The filled circles are
Fe(DMG-BF2)XY species (see text). The open circles are L2FeTPP
species (see Text). Low9 left: (Open triangles), high spin (HS,
hoth Fe(IlI) and Fe(II)) six coordinate complexes of (1-) charge.

Flit of the Mn(I)/Mn(I) potentials in organic phase solvent for
a variety of organometallic, six coordinate, manganese species,
VerSUS EEL.

Upper data set: (Right-hand Y axis) Raw 2EL data uncorrected for the
specific isomer involved. Lo w a tse: (Left hand Y axis) An
isomer correction for carbon monoxide and isonitrile ligands is
included. The open circles are carbonyl complexes which do not
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contain an isonitrile ligand. The closed circles are complexes whicr h
do contain at least one isonitrile ligand.

8. Lowe- data set: (Left hand Y axis, open circles) A plot of the
Cr(l)/Cr(O) potentials in organic phase solvent for a variety of
organometallic, six coordinate, chromium species, versus 4EL,
including an isomer correction for carbon monoxide or isonitrile
Iicands.
Uppedatast: (Right hand Y axis, closed triangles) A plot of the
Mo(T)/Mo(O) potentials in organic phase solvent for a variety of
crganometa!]ic, six coordinate. molyrenum species, versus EL (not
isomer corrected, see text).

9. Plots of redox data for six coordinate Nb(V)/Nb(IV) (upper, open
squares), Nb(IV)/Nb(III) (lower, open squares), Ta(V)/Ta(IV) (open
circles), and Re(IV)/Re(III) (open triangles) versus EL, as
annctated.

10. Plots of some redox data for five coordinate macrocyclic species
versus 2EL, as annotated. XFeTPP (open triangles); XMnTPP (open
circles); XFeOEP (closed triangles). (OEP = octaethylporphyrin).
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